The intermolecular reaction and its role in determining the partial compatibility between diethylsuccinate containing linear low-density polyethylene or ethylene propylene copolymer and poly-e-caprolactam (PA6) has been investigated in the melt using a Brabender mixer. The reaction product has been submitted to selective solvent extraction with formic acid and n-heptane; the characterization of the two extracted fractions and the insoluble residue has demonstrated the formation of a polyolefin±nylon (PO±PA6) grafted copolymer. The formation of grafted copolymer has an evident effect on the compatibilization of the two original polymers, indeed the differential scanning calorimetry analysis shows a remarkable decrease of temperature and enthalpy of PA6 crystallization. Moreover scanning electron microscopy micrographs show clear evidence of size reduction of PA6 domains associated with improved interface interactions. . The improved compatibility seems to be caused by the formation of a graft or block copolymer between the functionalized polyolefins and polyamide through the reaction of maleic anhydride groups with the amine end groups of the nylon-6 (PA6) [6, 7] . The occurrence of this reaction has been further confirmed by model studies carried out with dibutylmaleate functionalized polyolefins (PO) and decylamine [8] . Similar results have been recently obtained in situ by simultaneous mixing of polyolefin, polyamide, maleic anhydride and radical initiator in twin screw extruder [9, 10] .
The objective of the present work is to investigate more quantitatively the intermolecular reaction and its role in determining the partial compatibility in relation to the structure and degree of functionalization and melt viscosity of the polyolefins. Experiments have been performed in the melt with a standard nylon-6 (PA6) sample and linear low-density polyethylene (LLDPE) or ethylene propylene (EPR) with grafted 2-diethylsuccinate (g-DES) groups. The functionalization degree (FD) was in the range 0±1.9% mol. 2-diethylsuccinate grafted groups as detected by fourier transform infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopies [11] . The products obtained were fractionated by solvent extractions and the various fractions analyzed by molecular spectroscopy to obtain information about the extent of the intermolecular interactions in order to correlate the influence of the grafting reaction with the final properties of the mixture. The functionalized linear low-density polyethylene and ethylene propylene copolymer (LLDPE±g-DES and EPR±g-DES) were prepared in a Brabender mixer at 200°C and 190°C, respectively, by radical functionalization with diethylmaleate (DEM) as monomer and dicumyl peroxide (DCP) as radical initiator [11] .
EXPERIMENTAL
The nylon-6 (PA6) with 22,000 number average molecular weight, 52 meq/kg NH 2 and 45 meq/kg COOH as terminal groups was supplied by Snia Viscosa.
Blends were prepared in a Brabender mixer (Plastograph) according to the following procedure and by operating under a nitrogen atmosphere: the two polymers, polyolefin and nylon-6 (70/30 w/w), were introduced in the mixer at 245°C for 10 min, at 30 rpm. The recovered polymer was sequentially extracted with formic acid at 50°C and boiling n-heptane.
For example in run BL03 ( Table 2 ) 2 g of the product recovered from the Brabender were introduced in a round bottomed flask equipped with a reflux condenser. Then, at room temperature, 25 ml of formic acid were dropped and the formed suspension left being stirring for 120 hr. After separation by filtration, another 25 ml quantity of formic acid was added to the residue and was stirred at 50°C for 120 hr. The solutions were dried under vacuum and 316 mg of a polymer mainly consisting of PA6 was obtained. The residue was extracted with boiling n-heptane in a Kumagawa extractor for 16 hr. After evaporation of the solvent, 1.088 g of unreacted functionalized EPR were recovered. The residue (596 mg) contain the PO-PA6 grafted copolymer.
The FT-IR were recorded with a Perkin-Elmer FT-IR 1750 Spectrometer, and, the differential scanning calorimetry (DSC) was performed with a Perkin-Elmer DSC-7 under N 2 . The heating and cooling thermograms were carried out at standard rate of 20°C/min. The scanning electron microscopy (SEM) micrographs were obtained from microtomed surfaces of the blends using a scanning electron microscope Jeol JSM mod T-300. The reactive blending experiments were carried out at constant 70/30 w/w ratio between the functionalized polyolefin and PA6 in a Plastograph Brabender mixer at 245°C for 10 min and 30 rpm. With the exception of the experiments with nonfunctionalized polyolefin, a large excess of diethylsuccinate groups was used with respect to the generally accepted [12] one-to-one stoichiometry in the transamidation reaction. The characteristics of the various polyolefins used and the ratio of reactive groups in the feed are reported in Table 1 . Reaction products were submitted to exhaustive solvent extraction in the order formic acid and n-heptane and the residue was collected when present (Table 2 ). According to the well-known solubility of PA6 [8] and of the used functionalized polyolefins [8] , formic acid was expected to dissolve all macromolecules consisting essentially of PA6 units, while n-heptane should solubilize the unreacted polyolefin. Indeed these solubility features were previously tested and confirmed for the respective starting polymer used in the reactive blending experiments. The presence of a residue was therefore considered to be proof of grafted copolymer formation (Scheme 1), its amount and composition providing a clear evidence of the intermolecular reactions occurring during the residence in the mixer at 245°C. A schematic representation of the fractionation route is described in Fig. 1 .
RESULT AND DISCUSSION
The simple mass balance indicates that when starting with nonfunctionalized LLDPE or EPR all the material was practically extractable with the first two solvents, thus excluding the formation of substantial amounts of grafted copolymer. In the case of run BE01, where LLDPE has FD = 0, not only do the materials not show a residue to heptane extraction but also the ratio between the two expected fractions corresponds exactly to the composition of the starting mixture.
The IR spectra of the fractions extracted with formic acid (e.g. see Fig. 2 for LLDPE/PA6 blends) show two absorption bands at 1640 and at 1545 cm
À1
, characteristic of the polyamide. A weak absorption band occurring at 1740 cm À1 for the blends with the functionalized polyolefins indicates the presence of a moderate amount of PO± PA6 copolymer rich in PA6.
The spectra corresponding to the fractions extracted with n-heptane of the same blends as above (e.g. see the residue of the BE04 run is probably connected to the new amido groups formed through the reaction between the 2-diethylsuccinate groups of the PO and the NH 2 terminal groups of PA6 (Scheme 1). Because of the presence of a consistent amount of material insoluble in both formic acid and n-heptane, which are good solvents for PA6 and PO respectively (Table 2) , and the spectroscopic characterization of the various fractions, one can assume that the reaction between functionalized polyolefins and PA6 at 245°C in the melt gives a grafted copolymer between the two macromolecules which involves from 15 to 50 wt% of the starting PA6.
The presence of 2-(diethylsuccinate) groups in the polymer extracted with n-heptane is a consequence of their excess in the feed with respect to -NH 2 functionality ( Table 1 ). The FD of this fraction is only slightly lower than that of the starting polyolefin, thus suggesting a rather homogeneous distribution of 2-(diethylsuccinate) groups in the macromolecules of the PO samples used in this study.
The presence of a large fraction (50±85% of that originally used) of unreacted PA6 in spite of the COOEt/NH 2 ratio, markedly greater than 1, suggests that the reaction is likely to be kinetically controlled because of the limited interdiffusion between the two incompatible starting materials. 
Morphological Properties
According to the analysis described in the previous section, the system after the reaction consists of PA6, 2-(diethylsuccinate) functionalized PO and PO±PA6 grafted copolymer. Thus it was worthwhile to check the influence of this last on the morphology of the blends.
The DSC of the reacted materials was compared with that of the starting mixture and of the mixture obtained by mixing in the Brabender the nonfunctionalized PO with PA6, showing clear evidences of partial compatibilization [13] . Indeed in all cases the peak temperature of the exotherm that occurs at around the usual crystallization temperature for PA6 decreases from 181±184°C, for noncompatibilized blends, to a lower temperature (Table 3) for compatibilized blends. The normal crystallization characteristic of pure PA6 is markedly modified, with two additional crystallization peaks at 153± 127°C and 105±99°C for the blends prepared from LLDPE±g-DES; a second peak at 120±107°C can be observed in the cases of blends prepared from EPR±g-DES (Figs 5 and 6 ).
Even if some numeric values are subject to substantial deviation, the general trend indicates that the amount of PA6 crystallizing at its characteristic temperature is reduced. This effect can be related to formation in situ of grafted copolymer (PO±PA6) which locates in the interface, thus acting as a polymeric diluent to retard the crystallization rate and decrease the crystallization temperature [14] . Furthermore with increasing FD of the polyolefinic phase, the magnitude of the crystallization peak of PA6 decreases; in particular in the run BE04, where the polyolefinic phase has FD = 1.7 mol%, the magnitude of the crystallization peak is less than 30% of the melting peak. This can be interpreted considering that the crystallization process of PA6 is fractionated in two or three discrete steps with characteristic temperatures below that of pure PA6, down to that of the polyolefin.
In all the products of reactive blending runs both polyolefin and PA6 melting peaks are present at their usual temperature with enthalpy values of 30 J/g for LLDPE, 14 J/g for EPR and 17 J/g for PA6.
Typical SEM micrographs of fracture surfaces in liquid nitrogen related to unfunctionalized LLDPE/PA6 and EPR/PA6 blends exhibit polyamidic spherical domains with 5±8 mm average diameter, distributed throughout the whole sample ( Fig. 7(a) and (b) ). It is interesting to point out that there is no adhesion, particularly at the LLDPE/ PA6 interface, as indicated by the fact that the surface of the cavities is very smooth (Fig. 7(a) ).
When LLDPE or EPR is substituted with the corresponding functionalized polyolefins, a modification in the dispersion and in the average size of the polyamidic phase domains is achieved. The extent of such an effect is large enough to reduce the main size of PA6 domains to approximately 2 mm or less (Fig. 7(c)±(e) ). These domains have a rough surface, with evidence of adhesion to the PO matrix by PA6. The reduction of domains' size is not closely linearly influenced by the degree of functionalization (FD) (Fig. 7(c) and (d) ) but the dimensions of the domains relative to the blends containing LLDPE±g-DES and EPR±g-DES with FD = 1.7 and 1.9 mol% (Fig. 7(d) and (e)) respectively, are lower than those of the blend containing LLDPE±g-DES with FD = 0.7 mol% (Fig. 7(c) ).
These data show clearly that the substitution of the polyolefin with the functionalized polyolefin produces a large effect on the dimensions of the domains, and that increases miscibility, but a change in the degree of grafting of PO±g-DES produces only a moderate effect on the overall morphology of the resulting blends. Interface tension, adhesion between the phases and melt viscosity of the blended polymers are key parameters governing the degree of dispersion [1] . This role seems to be played by the PO±g-PA6 grafted copolymer which consists of a homogeneous phase containing blocks of the original polymers as shown by its SEM micrographs (Fig. 7(f) ). In this picture it is indeed not possible to distinguish the polyamide and rubber phase: this is a confirmation of the formation or a copolymer PO±PA6 and then of the intermacromolecular reaction. The characterization of the three fractions obtained by selective solvent extraction with formic acid and n-heptane has allowed the formation of polyolefin± nylon grafted copolymer during the reactive blending of 2-diethylsuccinate functionalized LLDPE and EPR with PA6 to be demonstrated unequivocally. The reaction seems to be controlled by the limited interdiffusion between the two incompatible polymers which hinders the complete grafting of nylon despite the large excess of 2-diethylsuccinate groups with respect to -NH 2 groups. Under these conditions (2DES/-NH 2 larger than 4.3) the FD of functionalized PO does not appear to have a remarkable effect on the intermolecular reaction, since a similar amount of grafted copolymer has been obtained with FD in the range 0.73±1.9. The homogeneous distribution of functional groups on PO macromolecules plays an important role on the formation of grafted copolymer; a lower amount of this last has been obtained using the mixture PO±g-DES/PO instead of the PO±g-DES having the same average FD.
CONCLUSIONS
The grafted copolymer act as a compatibilizer of the two original polymers as shown by the DSC analysis and SEM examination. The former show indeed that in the runs carried out using PO±g-DES the behavior of PA6 is modified with indications of partial compatibilization of the polymer chains, as shown by DSC analysis. Moreover the SEM micrographs report clear evidence of PA6 domains size reduction as associated with improved interface interactions related to the graft copolymer.
